The growth pattern of cork oak (Quercus suber L.), an important component of South Mediterranean woodlands, is seasonal. Seasonality has been found for shoot, radial and cork ring growth as well as for carbon (C) photoassimilation, nutrients remobilization and water relations, among other physiological aspects. However, little is known about the seasonality of C allocation to cork oak chemical compounds, including suberin, a major component of cork. In order to achieve this goal, an isotopic tracer experiment was conducted using 18-month-old cork oaks so that the fate of C photoassimilated in different seasons could be traced into biochemical (main organic) stem components. Two distinct patterns of C allocation, associated with the stages of active plant growth and dormancy, were identified and described. Evidence was provided that translocation of photoassimilated C to stems does not cease during the dormancy period and that suberin is the major C sink for the C assimilated throughout the whole active growth period, as compared with other stem components.
Introduction
Although cork oak (Quercus suber L.) might be taken as a minor forest tree in terms of occupied area with only about 2.2 Mha (APCOR 2015) , it represents a unique plant community to be protected (European Communities 1992) in a region as complex and fragile as the South Mediterranean, where it provides important ecosystem services (Aronson et al. 2009 ), including the sustainable production of cork, a valuable non-timber forest product (Pereira 2007) . Suberin is the major cork cell wall component, an aliphatic macromolecule of ester-linked long-chain fatty acids and hydroxyacids to glycerol, which is closely associated with lignin, the second cell wall component, namely ferulic acid cross-links (Pereira 2015 , Marques et al. 2016 . Structural genes of suberin pathways show the highest transcript accumulation in June (Soler et al. 2008) , consistent with the fact that, in practice, the periodic removal of cork layers is carried out between June and August. The chemical composition of Q. suber cork is on average 43% suberin, 22% lignin, 19% polysaccharides and 16% extractives, although a large variability is found between samples (Jové et al. 2011 , Pereira 2013 . Similar to other plant products, cork composition and final properties depend on a number of biotic and abiotic factors influencing cork oak tree physiology.
Growth, phenology and climate responses of Q. suber L. have been studied by several authors. The growth cycle is reported to be similar to other Mediterranean sclerophyllous species, with a winter dormancy period and a period of growth (Costa et al. 2003) . The first phenological stage in the annual cycle of mature cork oaks is budburst, which, in Mediterranean natural woodlands, may happen as early as in mid-February (Fialho et al. 2001) or even in late April/early May (Pinto et al. 2011 ) depending on environmental conditions; the latter authors showed that cork oak budburst is highly related to daily temperatures and photoperiod. Reserves accumulated during winter, along with high photosynthetic activity, support the strong development of cork oak in springtime (Oliveira et al. 1994) . During the growth period, three sub-periods can be identified: active growth from early spring to early summer, summer break or summer slow-down of growth and growth recovery in October (Caritat et al. 2000 , Luz et al. 2014 ). Similar to other plant species grown under Mediterranean climates, cork oak growth rate is highly dependent upon the occurrence of precipitation and high temperatures (Caritat et al. 2000 , Costa et al. 2016 . High responsiveness and sensitivity to late spring precipitation is found with a cork growth increment in response to the increase of water availability, while cork growth is hindered by drought conditions over short time scales from 2 to 11 months (Oliveira et al. 2016) . Seasonal changes in the photosynthetic rate of cork oak are reported as well. Vaz et al. (2010) measured the photosynthetic rate of spring leaves of adult cork oaks grown in southern Portugal during 8 months of the growing cycle (MayNovember) and found that the photosynthetic rate peaked in spring and progressively declined throughout the summer. A similar pattern was also observed by Besson et al. (2014) .
Methodologies to study cork oak growth are generally based on macro-analysis techniques like dendrometry (Costa et al. 2003) , or dendrochronological techniques applied to the wood (Leal et al. 2008) or the cork (Costa et al. 2016 , Oliveira et al. 2016 , which are suitable for mature trees. Microanalysis techniques are mostly restricted to saplings for methodological reasons. This type of technique can provide very interesting information with high resolution, although caution should be taken when extrapolating results from saplings to mature trees. For instance, Cerasoli et al. (2004) used 13 C as a tracer to study the seasonal flush growth of 2-year-old cork oaks and found that winter assimilates were accumulated in leaves and shoots and used during the spring flush. Aguado et al. (2012) used the radioactive carbon (C) isotope 14 C to study the allocation of C assimilated in late spring by cork oak saplings and applied microautoradiographic techniques to quantify xylem growth. To the best of our knowledge, variation of C allocation to suberin and other biochemical compounds over the seasons has not been reported so far. The overall objective of this research was to study the seasonality of C-assimilation in the cork oak regarding the allocation to stem biochemical (main organic) components. The working hypothesis was that the allocation of photoassimilated C would vary among seasons and that suberin, the major component of cork, would be synthetized in a particular season. Specific objectives of this work were (i) to assess the C assimilation rate (AR) in different seasons of the year, at the plant level, (ii) to study changes in C allocation to stem biochemical (main organic) components in relation to the photoassimilation date, (iii) to contribute to the knowledge of the seasonality of cork oak radial growth and (iv) to understand the seasonality of suberin accumulation. To meet our objectives, an isotopic tracer experiment was conducted that involved 14 C pulse labelling of cork oak saplings in different seasons. 14 CO 2 -photoassimilation and the fate of 14 C into stem components were assessed.
Materials and methods

Location and plant material
The experiment site was located in Spain, at latitude 40°24′40′N, longitude 03°40′41′W, altitude 667 m above sea level, under a Mediterranean-continental climate. Eighteen-month-old cork oaks (Q. suber L.) grown in pots were used for this work. They were raised from acorns collected in a natural cork oak stand located in 'El Pardo' (Madrid, Spain) in polyethylene containers of 15 l capacity and 25 cm diameter, filled with a homogeneous substrate of vegetal soil and peat (3:1).
Experiment design
The experiment was designed as a 1-year follow-up study of 14 CO 2 -photoassimilation and stem biochemical (main organic) composition of cork oak saplings, based on a previous study by the authors (Aguado et al. 2012) . In this study, 14 C-labelling was made on six dates over the year (Figure 1 ), which made up six labelling seasons or treatments; every treatment involved eight replications (eight cork oak plants per treatment). The treatments were named taking into account the number of the week ('W') in which 14 CO 2 was applied (W5, W13, W21, W29, W39 and W49) considering the ordinal number of the week (52 weeks in the year). Plants were individually exposed to a pulse of 14 CO 2 and after 8 weeks they were cut down to study the allocation of 14 C to stem main organic components. The period of 8 weeks was chosen based on the results of previous experiments, which showed that the translocation of assimilated 14 C to suberin was stabilized after 6-8 weeks 14 CO 2 -pulse labelling.
The methodology for 14 C-labelling was carried out using one chamber (15,000 ml) per plant, following the method developed by Aguado et al. (2012) . The initial radioactive concentration in the air of the chamber was 78 ± 6 Bq ml −1 . The amount , determined by infrared gas analyser); so, the addition of 14 CO 2 was not significant for the air CO 2 concentration.
14 CO 2 content of the atmosphere inside the chamber was monitored by sampling and determination of the 14 C radioactivity by scintillation counting (Warembourg and Kummerow 1991) . Plants were maintained inside the labelling chambers until 95% 14 CO 2 absorption, when the 14 C-labelling was considered as finalized.
Plant conditions for 14 C translocation
After 95% 14 C-assimilation, the labelled cork oak plants were removed from the chambers and placed outdoors under the climate conditions pertaining to the Campus of the Technical University of Madrid. Soil moisture was maintained at 60-75% field capacity; a time-domain reflectometry probe was used to control soil humidity. Air temperature was monitored every 10 min using a temperature (PT-100) sensor that was connected to a DataLogger (DL2E-Delta-T-Services, Cambridge, UK). In the period between mid-June and mid-September the site was protected with a shade mesh (50% of light reduction) (Cardillo and Bernal 2006) to prevent stress by high levels of solar radiation. Mean, maximum and minimum temperatures recorded during the experiment are given in Figure 1 . The mean, maximum and minimum absolute temperatures, thermal time and daylight hours for each treatment (i.e. values recorded for the period comprised from 14 CO 2 -pulse labelling to plant sampling) are shown in Table 1 .
Sampling and measurements
Samplings were separately performed for each replication within a treatment (eight plants per treatment), once the 8-week period was over. Leaves and stems were weighed separately. The preparation of stem samples was the same for every plant, following the method described by Aguado et al. (2012) . In essence, it involved the following steps: (i) sampling, (ii) oven-drying, (iii) chemical fractioning and (iv) specific radioactivity measurement.
The stem components studied for 14 C concentration were: non-polar extractives, ethanol water extractives (i.e. polar extractives), suberin, hemicelluloses, amorphous cellulose, crystalline cellulose and lignin. For results presentation, the lignocellulosic fraction was taken as the sum of hemicelluloses, amorphous cellulose, crystalline cellulose and lignin. It was assumed that suberin and lignocellulosic fraction were associated with radial growth unlike the non-polar and polar extractives, which could be permanently allocated to stem tissues or temporally stored for subsequent translocation to other plant sinks. Results were presented as mean ± standard deviation of the mean.
Statistical analysis
One-way analysis of variance by means of Statgraphics Centurion XVI statistical package (Manugistics, Inc., Rockville, MD, USA) was used to analyse the differences between treatments. Means' separation was undertaken using Tukey's multiple range test at the level of P < 0.05; whenever normality was not obtained, a non-parametric test (Kruskal-Wallis) was used.
Results and discussion
Chemical fractioning of biomass
The results of chemical fractioning of cork oak stems obtained for each treatment were not significantly different (P > 0.05), showing that the stem chemical composition did not significantly change in terms of percent dry weight throughout the annual growth cycle.
The major fraction was the lignocellulosic fraction (82.0% of the stem dry weight on average), showing that most stem biomass was allocated to xylem and phloem tissues. The proportion of polar and non-polar extractives in the stems was 15.2% and 0.9%, respectively, while suberin amounted to 2.0%. This latter value indicates that the phellogenic activity of the young cork oaks is lower than for adult cork oak trees, when cork growth is responsible for most tree radial growth (Costa et al. 2003) ; in fact, at the age of these cork oak plants, only a few cork cell layers have been produced by each phellogen mother cell (Graça and Pereira 2004) . Further fractioning of the lignocellulosic fraction yielded 27.9% hemicelluloses, 17.9% amorphous cellulose, 11.2% crystalline cellulose and 24.9% lignin (pooled means). Results were consistent with data in the literature (Balaban et al. 1994 , Aguado et al 2012 .
C-AR
Values of 14 C-AR during the period of time comprised between 14 CO 2 -pulse and 95%
14 CO 2 -assimilation, and the durations of .
At the other extreme of the ranking appeared the treatments in wintertime, W49 closely followed by W5. Interestingly, the cork oak plants were active enough to reach the 95% 14 CO 2 -assimilation target also in wintertime even if the AR in wintertime was nearly 30% of that recorded in late spring (W21). Apparently, low temperatures had a higher effect on AR than high temperatures, since AR in W29 (45.7°C maximum temperature) was 70% the AR in W21. This result is consistent with the findings by Aranda et al. (2005) , who highlighted the high sensitivity of cork oak to low temperatures and suggested that this could be the reason for the displacement of this species by more cold-tolerant oak species, such as Quercus ilex L., in continental climates. In our study, the 14 CO 2 -AR steadily declined after the spring peak, reaching the minimum value in December. This trend apparently differs from what was previously reported. García-Plazaola et al. (1997) measured the C-AR of the leaves of a 40-year-old cork oak stand during 5 months of the year (June, September, November, January and April) and recorded the lowest value in September and the highest in November. Similarly, Vaz et al. (2010) found that the leaf photosynthetic rate declined in the summer but recovered in autumn, in November. Unlike those studies, no autumn recovery was noticed in our work. The reason may lie in differences of approach and experimental conditions since the measurements by García-Plazaola et al. (1997) and Vaz et al. (2010) were carried out at the leaf level, whereas our values refer the performance of whole cork oak plants; in other words, our results integrate photoassimilation of all plant leaves. Concerning the experimental conditions, the cork oaks in our experiment were maintained under wellwatered conditions and were partly shaded (June-September), whereas the other studies were conducted in open air. Adaptive mechanisms to tackle summer drought stress and high incident radiation are stomatal closure and photoinhibition (Besson et al. 2014 , Costa-e-Silva et al. 2015 . As discussed by Costa-e-Silva et al. (2015) , the marked climatic seasonality in Mediterranean environments has a strong influence on plant physiological responses; maximum vegetative activity occurs in the more favourable seasons of the year, spring and autumn.
Stem-specific radioactivity
Values of stem-specific radioactivity (SR) determined for each labelling date reflect the photoassimilate demand by stems in different seasons; hence, SR values can serve as an indicator of the level of 14 C translocation from leaves to stems. Over the whole experiment, SR-measured at the completion of the period of 8 weeks after 14 C-labelling-ranged from 13.4 Bq mg −1 (W13) to 137.2 Bq mg −1 (W29). Highly significant differences were found between the different labelling treatments (Table 3) . The treatments of winter (W5) and early spring (W13) exhibited the lowest values of SR over the annual cycle, with no significant differences between these treatments (Table 3) . Thermal time was also at its lowest level in W5 (46.2°C day), the same as the 14 CO 2 -AR ( W5 16.9 ± 1.5 7.1 ± 1.4 1.9 ± 0.3 W13 19.9 ± 2.2 2.4 ± 0.4 3.6 ± 0.5 W21 28.8 ± 2.9 2.0 ± 0.2 3.9 ± 0.7 W29 28.7 ± 3.6 3.0 ± 0.3 2.6 ± 0.5 W39 30.5 ± 3.1 3.4 ± 0.4 2.2 ± 0.4 W49 30.4 ± 4.1 7.3 ± 1.2 1.0 ± 0.2
Tree Physiology Volume 37, 2017 our experiment, budburst occurred in W13, when daylight ranged from 12.2 to 14.3 h. In late spring, the specific activity in stems increased (W21) as compared with W13 (early spring). This increase along with the peak of AR (Table 2) showed that the physiological activity of the cork oak was very high in this season. According to the literature, late spring is the period in which the highest cork oak growth rate is recorded because of the occurrence of mild temperatures and high water availability; therefore, cork oak photosynthetic activity can be optimal (Caritat et al. 2000 , Pinto et al. 2011 ). This agrees with Fialho et al. (2001) , who reported that radial growth of adult trees started in mid-April and reached its maximum value in June (trees not subjected to cork removal) or July (trees with removal of cork). The increase in SR could also be related to deactivation of the initial sinks observed for W13 (budburst, development of new plant parts).
Later in the year, SR peaked (W29), when the thermal time reached its maximum value and the daylight was still high. High SR showed that the accumulation of photosynthates into cork oak stems was optimal in summer, in line with data in the literature (Oliveira et al. 1994 , David et al. 2007 , Grant et al. 2010 , Vaz et al. 2010 ; therefore, it could be assumed that the radial growth was optimal in summertime. However, the 14 CO 2 -AR, measured at the date of 14 C-labelling showed a 30% reduction over the W21 one (Table 2) ; however, this fact could be somewhat related to high temperatures: the mean temperature in W29 was 25.6°C and the maximum temperature 45.7°C (Table 1) . In this regard, Caritat et al. (2000) found that cork growth of adult cork oaks was restricted by temperatures above 28°C.
Interestingly, the SR dropped by 40% in autumn (W39) as compared with W29 (see Table 3 ), while the rate of 14 CO 2 -assimilation was similar at both labelling dates (Table 2 ). It became evident that translocation of 14 C-assimilates to stems declined in this season; in spite of that, the lignocellulosic fraction continued to be the most 14 C-labelled stem component, as it was observed since spring. In this regard, some similarities between both seasons can be found. Mean temperatures were similar and the differences between the results of W29 and W39 for the polar and non-polar extractives (Table 3 ) and the amorphous and crystalline cellulose (Table 4) were not significant. The fact that the value of thermal time was much lower for W39 than W21 suggests that this factor might have an effect on the demand for photoassimilates from the side of other chemical components and give higher SR for suberin and hemicelluloses in W29.
Values of stem-specific activity kept declining in late autumn and winter (W49 and W5), providing evidence of a slow-down of 14 C-assimilates translocation when air temperatures are cold and subsequently, of a slow-down of radial growth. The reasons for that-besides the well-known effect of temperature on reaction rates-may lie in an increase of tree respiration associated with low temperatures (Sperling et al. 2015) , deviation to other more active sinks (Cerasoli et al. 2004) or most likely, to the Table 3 . Specific radioactivity (¯± x SD) of chemical components of stem cork oaks labelled with 14 C in different seasons. In brackets, relative contribution of each compound (as percentage of the total radioactivity obtained in each sampling) (n = 16). Values followed by the same letter within each column are not statistically different (P ≥ 0.05).
Treatment
Non-polar extractives (Bq mg 35.7 ± 2.8 c (1.3) 118.6 ± 6.4 a (48.5) 74.5 ± 7.1 c (3.3) 27.7 ± 0.5 c (46.9) 45.2 ± 1.6 c (100) P <0.001 <0.001 <0.001 <0.001 <0.001 Table 4 . Specific radioactivity (¯± x SD) of lignocellulosic compounds of cork oak stems labelled with 14 C in different seasons. In brackets, relative contribution of each compound (as percentage of the total radioactivity obtained in each sampling) (n = 16). Values followed by the same letter within each column are not statistically different (P ≥ 0.05).
Hemicelluloses ( Tree Physiology Online at http://www.treephys.oxfordjournals.org beginning of a seasonal dormancy period (Caritat et al. 1996 , Fialho et al. 2001 , Luz et al. 2014 ). In our work, the use of 14 C as a tracer allowed the detection of translocation of photoassimilates to the stems during the coldest period of the experiment (see W49 and W5 temperatures in Table 1 ). Therefore, it was revealed that there is not a total cease of translocation during the dormancy period. The fraction that exhibited the highest specific activity (118.6-101.4 Bq mg −1 ) was the polar extractives (see W49 and W5 in Table 3 ), consistent with the fact that the physiological activity of cork oak was at its lowest level. Two distinct physiological stages, associated with the stages of active plant growth and dormancy, were clearly shown in the results of the relative contribution of the lignocellulosic fraction to total stem radioactivity. From early spring to late autumn (treatments W13 to W39), the lignocellulosic fraction was the fraction that accumulated the greatest proportion (69.0-76.4%) of 14 C-photoassimilates, whereas in wintertime (W49 and W5), it was the polar extractives with 48.5-50.2% stem radioactivity, providing the evidence of low metabolic rate in the cold season.
Allocation of photoassimilated 14 CO 2 to components of the lignocellulosic fraction and to suberin
Results of SR of the lignocellulosic components (Table 4) showed seasonal changes in cork oak physiology. Thus, in the period of cold temperatures (W49-W5), the highest SR value was found for the hemicelluloses (47.1-25.3 Bq mg ) throughout the period of vegetative growth (W13-W39). Interestingly, the specific activity of every lignocellulose component and of suberin significantly increased in late spring (W21), as compared with the values found for early spring (W13); this increase evidenced the transition towards a period of high growth. Nearly 27% stem radioactivity was allocated to the hemicelluloses in springtime.
All lignocellulosic compounds peaked in W29, a period of warm temperatures (25.6°C mean temperature) in which values from 129.6 to 282.1 Bq mg −1 were recorded. Chaves et al. (2011) found that the biosynthesis of lignin in 3-monthold cork oak plants was favoured by high temperatures. In line with their finding, the SR of lignin peaked in the warmest period as well as the suberin, suggesting that cork oak radial growth was significant in that period of time.
Throughout the vegetative growth period of cork oak-early spring to late autumn-suberin was the stem fraction with the highest SR values, showing that synthesis of suberin occurred all over that period, i.e. corresponding to the formation of cork cells along that period. In addition, the fact that suberin was the most 14 C-labelled compound in autumn (W39) suggested that it is an important C sink to cork oak. In a previous study (Aguado et al. 2012) , it was found that suberin acted as a highly effective sink for the C assimilated in late spring and that its synthesis occurred mainly in June. In the present work, suberin was revealed as a major C sink not only for the C assimilated in late spring but also for the C assimilated in other seasons of the growth period. ) in W39 also revealed the occurrence of radial growth in November. In Porto Alto (Portugal), a more temperate site than ours (17.6°C vs 15.0°C annual mean temperature), Costa et al. (2003) found that the period of null diameter growth extended from November to February, but they observed that in some years it was shorter, linked to the occurrence/absence of rainfalls. Recently, Costa et al. (2016) stressed the importance of precipitation to cork growth along with temperature in mature trees under cork exploitation. Using a large time span (24 years) and sampling, Oliveira et al. (2016) confirmed that precipitation is the main factor positively influencing cork growth, while temperature has a positive influence on growth at the beginning of phellogen activity (until April) but exerts a negative influence during the growth period (from May to August).
Later in the year, with the slow-down of growth in wintertime (see Costa-e-Silva et al. 2015) , the specific radioactivity of lignocellulose components in our work decreased substantially and revealed that translocation of photoassimilated 14 C to final C sinks was low when temperatures dropped; thus, stem polar extractives appeared as the most 14 C-labelled fraction in W49.
Concerning the relative contribution of the different compounds to stem radioactivity (expressed in percentage), it was found that cold temperatures had a clear influence on the allocation of photoassimilates. The relative contribution of suberin decreased from 10.0-12.1% in the growing season (period of mild/warm temperatures) to 2.1-3.3% in wintertime. In this regard, it is worth mentioning that the proportion of suberin in cork oak stems was <2% in weight, with no significant differences between treatments. A significant reduction of the synthesis of some compounds associated with radial growth (suberin, amorphous cellulose, crystalline cellulose) was recorded during wintertime. In the case of suberin, the reduction observed from the period of active growth (treatments W13-W39) to the period of dormancy (treatments W49 and W5) was estimated at 75%; this reduction was superior to the reduction observed for the lignocellulosic fraction, estimated at 37%. These results seem to contrast with Costa et al. (2003) , whose discussion suggested that phellogen (cork cambium) was less sensitive to climate conditions than vascular cambium. Nevertheless, their study was conducted with mature cork oak trees grown in rain-fed conditions, a crucial variable for plant growth in the Mediterranean region.
Conclusions
14 CO 2 pulse labelling of whole cork oak saplings on different dates of the year allowed the description of the seasonal pattern Tree Physiology Volume 37, 2017 of cork oak plant photosynthesis, as well as the seasonal changes in the allocation of photoassimilated C to stem chemical components. The highest plant photosynthetic activity was recorded in spring and the lowest in wintertime. After the spring peak, the C-AR steadily declined and no autumn recovery was noticed at the plant level, unlike what was reported in the literature for studies conducted at the leaf level.
Two distinct patterns of C allocation, associated with the stages of active plant growth and dormancy, were identified. From early spring to late autumn, the lignocellulosic fraction including the polysaccharides and lignin was the fraction that accumulated a greater proportion of photoassimilated C, whereas in wintertime it was the polar extractives, providing evidence of low metabolic rate in the cold season, although the isotopic tracer showed that translocation of photoassimilated C to stems did not cease during the so-called dormancy period.
Suberin was the major C sink for the C assimilated throughout the whole active growth period, i.e. from early spring to late autumn, as compared with other stem chemical components. Seasonal changes were noticed in the pattern of C partitioning among the different compounds of the lignocellulosic fraction as well. Thus, in wintertime the hemicelluloses were the most demanding component of the lignocellulosic fraction for C-the highest specific radioactivity-while throughout the whole period of vegetative growth it was the crystalline cellulose. The specific radioactivity of every studied compound of the lignocellulosic fraction peaked in the period of the warmest temperatures, suggesting high radial growth at that time. The use of C tracer allowed detecting radial growth in late autumn as well.
